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HEAT SHOCK PROTEINS (HSPs) are molecular chaperones responsible for the repair of damaged proteins and assist in folding of new proteins. They increase following cellular stress resulting from exposure to high temperature, ischemia-reperfusion, or oxidative damage, and they have been found in every organism in which they have been sought (13, 21) . The putative trigger for HSP induction is an increase in damaged proteins within the cell (1) , which frees the heat shock transcription factor (e.g., HSF1) to initiate rapid increases in gene transcription followed by translation into HSPs (31) . Although an increase in damaged proteins is likely the primary trigger for HSP induction following stress; stress hormones, including catecholamines and cortisol, influence transcription and translation of HSP genes and proteins. Catecholamines appear to augment stress-induced HSP gene transcripts and proteins in mammals (32, 39, 54) , fish (9) , and invertebrates (23) . The glucocorticoid receptor is chaperoned by several HSPs, mainly the HSP90 and HSP70 families (17) , so it is perhaps not surprising that the receptor's main ligand, the stress hormone cortisol, also affects HSP gene and protein expression. Most evidence of cortisol's impact on HSPs comes from studies on fish (2, 6, 11, 48) , where much of the research points to a suppressive effect of cortisol on HSP induction at the mRNA and protein level.
In 1999, Pottinger and Carrick (40) established two lines of rainbow trout (Oncorhynchus mykiss) with divergent cortisol responses to confinement stress. The high-responding (HR) rainbow trout respond to confinement stress with higher levels of plasma cortisol and respond to handling stress with lower levels of catecholamines than the low-responding (LR) rainbow trout (40, 50) . Subsequent generations descending from these two lines also have maintained divergent cortisol responses to confinement stress (37, 40, 41) . Thus, these trout lines with their opposing hormone responses to stress are an ideal natural model to use in teasing apart the influence of endogenous catecholamines and cortisol on the heat shock response in vivo.
The main goal of our study was to understand the effects of endogenous stress hormones on the inducible HSP expression using the LR and HR fish lines. If catecholamines potentiate HSP induction (9) and cortisol suppresses the response, as has been shown in vitro or with exogenous cortisol administration (2, 6), then we predict that LR fish, which are expected to have a low cortisol and high catecholamine response to stress, would exhibit a more pronounced induction of HSPs after heat shock than HR fish. LR fish would also be predicted to experience reduced heat-induced protein damage as a result of greater protection by HSPs. To this end, we exposed HR and LR fish to an acute heat shock and measured circulating cortisol and catecholamine concentrations and tissue HSP levels [HSP70, heat shock cognate 70 (HSC70), and HSP90]. We also evaluated protein oxidation, as an indirect indication of protein damage and/or malfunction. Decreases in physiological function are associated with increases in protein oxidation and an accumulation of oxidized proteins can lead to protein aggregation and damage (45) .
Our second goal was to evaluate the acute thermal tolerances of HR and LR trout. The rationale for this objective originated from a recent study where we determined that dominant and subordinate trout differed in thermal tolerance with subordinate fish exhibiting a lower critical thermal maximum (CT max ) than dominant fish (26) . Like LR and HR fish, fish in dominance hierarchies are characterized by distinctive hormone responses to stress; dominant fish typically exhibit lower circulating cortisol levels than subordinate fish (24, 34, 42) . We were thus interested in whether or not the distinct stress hormone profiles in the HR and LR fish were linked to thermal tolerance.
MATERIAL AND METHODS

Experimental Animals
Rainbow trout (Oncorhynchus mykiss) were held at the North Sea Research Centre of the Technical University of Denmark (Hirtshals, Denmark), in fiberglass aquaria supplied with recirculating, aerated well water. The water temperature was maintained at 13 Ϯ 1°C and a 12:12-h light-dark photoperiod was used. Fish were fed commercial trout pellets daily by automatic feeder and were acclimated to the holding conditions for a minimum of 2 wk before experiments commenced. The establishment of two lines of rainbow trout divergent in their cortisol response to a confinement stress has been described by Pottinger and Carrick (40) . Briefly, rainbow trout were subjected to repeated confinement stressors and were separated into HR and LR groups based on their cortisol response. Several generations of offspring were produced from these two groups. All experiments were carried out in accordance with the animal care national legislation of Denmark and were approved by the Technical University of Denmark, following their institutional guidelines.
Experimental Protocol
Series 1: heat shock. HR and LR fish (2.04 Ϯ 0.09 kg, mean Ϯ 1 SE, HR n ϭ 6, LR n ϭ 9) from the F5 generation were anesthetized in a solution of ethyl 3-aminobenzoate methanesulfonate salt (MS-222; 0.1 g/l; Sigma-Aldrich, St. Louis, MO) and were then placed on a surgical table that allowed the gills to be irrigated with a continuous aerated flow of MS-222 (0.07 g; Sigma-Aldrich). Each fish was fitted with an indwelling dorsal aortic catheter (Clay-Adams PE-50 polyethylene tubing; BD, Franklin Lakes, NJ) according to the basic method of Soivio et al. (51) . Cannulae were rinsed with heparinized (100 IU/ml heparin, Sigma-Aldrich) Ringer saline [in mmol/l: 150 NaCl, 4 KCl, 1.3 CaCl 2, 1.2 MgCl2, 7.5 D(ϩ) glucose and 5 NaHCO3; Sigma-Aldrich; (57)]. After surgery, fish were placed in individual experimental chambers supplied with flowing, aerated water for a 3-day recovery period. Cannulae were rinsed three times daily with heparinized (100 IU/ml heparin) Ringer saline.
The heat shock protocol began at ϳ9 AM with the withdrawal of an initial, control blood sample (0.5 ml). Water temperature was then raised over 1.5 h from 13°C to 25°C, where it was maintained for 1 h before being returned to 13°C over the course of 15-20 min. This heat shock protocol was selected because similar heating rates and temperatures have been shown to induce a HSP response in rainbow trout (9, 26) , and because it would allow for comparison between studies. Additional blood samples (0.5 ml) were withdrawn when the water temperature first reached 25°C (HS sample) at the end of the 1-h heat shock (1-h sample), and 8 and 24 h after the initiation of the acute heat shock. Hematocrit measurements were carried out on whole blood (see below), and the remaining blood was then centrifuged at 9,000 g to separate plasma and red blood cells (RBCs). Plasma was separated into two aliquots (for the measurement of cortisol and catecholamine concentrations), and these, as well as the RBCs (for HSP and protein oxidation analyses), were immediately frozen in liquid N 2 and stored at Ϫ80°C for later processing and analysis. After the final blood sample was withdrawn, fish were killed by immersion in a solution of buffered MS-222 (2 g/l; Sigma-Aldrich), and liver and brain tissues were quickly dissected and immediately freeze-clamped in liquid N 2 for storage at Ϫ80°C until further processing.
Series 2: CTmax. HR (n ϭ 20) and LR (n ϭ 20) trout of the F6 generation were lightly anesthetized (to the point of losing equilibrium), weighed (55.4 Ϯ 2.1 g), and placed in individual experimental chambers supplied with aerated, flowing water. After 24 h, feeding was commenced. Feeding behavior was recorded as the latency to eat an initial food pellet introduced into the experimental chamber and as the total number of pellets consumed. In addition, feeding strategy was scored as follows: a score of zero was given to a fish that did not eat; one point was given to a fish that only ate food that fell directly in front of it; a score of two was given to a fish that would seek out food pellets but return to its original position between pellets; and a score of three was given to a fish that swam from pellet to pellet. To ensure that all HR and LR fish were at a comparable level of stress at the start of the CT max trials, the trial was not performed until a fish had fed for three consecutive days. The CTmax protocol started at ϳ9 AM and involved raising water temperature at a rate of 0.33°C min Ϫ1 [as suggested by Becker and Genoway (3)] until the fish lost equilibrium. The water temperature was then quickly (over 20 min) returned to the recovery temperature of 13°C. After 24 h, fish were killed by immersion in a solution of buffered MS-222 (1 g/l; Sigma-Aldrich), a blood sample (ϳ1 ml) was withdrawn via caudal puncture, and liver and brain tissues were collected and stored as described above. Blood samples were centrifuged at 9,000 g to separate plasma and RBCs, and RBCs were immediately frozen in liquid N 2 and stored at Ϫ80°C for later processing and HSP analysis. HR (n ϭ 10) and LR (n ϭ 10) fish maintained at 13°C for the duration of the experiment served as control groups.
Analytical Techniques
Blood variables. Hematocrit was measured using microcapillary tubes centrifuged at 6,000 g for 5 min in a Hawksley centrifuge (Sussex, UK). Plasma cortisol concentrations were measured using a commercial ELISA kit (Neogen, Lansing, MI) as per the manufacturer's instructions. Plasma noradrenaline and adrenaline levels were determined on alumina-extracted samples (200 l) by HPLC with electrochemical detection (58) . 3,4-Dihydroxybenzylamine hydrobromide (Sigma-Aldrich) was used as an internal standard, and detection limits for noradrenaline and adrenaline were 0.1 nmol/l.
HSP and Protein Oxidation Analysis
Using the procedure described in Currie et al. (10) , soluble protein was extracted and quantified from frozen liver and brain samples. Protein was extracted from RBCs by rapid thawing to lyse the cells followed by the addition of 2 l of 0.1 mM protease inhibitor cocktail (Sigma-Aldrich) and a second freeze-thaw cycle. All samples were then pushed through a 27 gauge needle to shear the DNA and spun at 14,000 g for 10 min in a Sorvall Legend RT microcentrifuge (Mandel, Guelph, ON, Canada) at 4°C. The supernatant containing the soluble protein fraction was removed and stored at Ϫ80°C. The soluble protein content of all samples was measured using the Bio-Rad (Hercules, CA) DC protein assay for microtiter plates based on the Lowry method (28), as in Currie et al. (10) . HSP70 (AS05 061; Agrisera, Vännäs, Sweden), HSC70 (AS05 062; Agrisera) and HSP90 (AS05 063; Agrisera) levels were determined by immunodetection in 15 g of extracted soluble protein by using Western blot analysis and the Novex Midi Gel System (Invitrogen, Carlbad, CA) as in LeBlanc et al. (26) . After each round of immunoblotting, membranes were stripped by incubating the membrane in 20 ml of acid stripping buffer (0.4 M glycine, Sigma-Aldrich; 0.07 M SDS, Bio-Rad; 0.018 M Tween 20, Sigma-Aldrich; pH 2.2) twice for 30 min, followed by three 5-min rinses in PBS (1.37 M NaCl, 27 mM KCl, 43 mM Na 2HPO4·7H2O, 14 mM KH2PO4; Sigma-Aldrich), and reimmunoblotted with a different primary antibody. Dynamic range analyses were performed to determine the appropriate protein load: 15 g of soluble protein was deemed to be well within the linear range of our chemiluminescent detection. Protein oxidation, expressed as protein carbonyls, was measured using an Oxyblot kit (Millipore, Billerica, MA) according to the manufacturer's instructions. Protein bands were visualized using a Versadoc Imaging System (Bio-Rad) and quantified using ImageLab software (Bio-Rad). Band density was expressed relative to the appropriate standard (HSP70: RBCs from heat-shocked fish; HSC70, HSP90: commercial standard, SPP-751 and SPP-770; Assay Designs, Ann Arbor, MI; protein oxidation: one sample loaded on each gel).
Statistical Analysis
All data were analyzed using PASW software (version 17.0; IBM, Chicago, Illinois). Prior to analysis, data were checked for violation of assumptions of normality (Kolmogorov-Smirnov test) and homogeneity of variance (Levene's test). Where these assumptions were violated, data were transformed. Unless otherwise indicated, the fiducial limit of significance was set to 0.05, and data are presented as means Ϯ 1 SE.
In the heat shock experiment (series 1), RBC HSP levels, protein oxidation, hematocrit, and plasma cortisol and catecholamine concentrations were analyzed by two-way repeated-measures ANOVA by using the trout line (HR or LR) as a between-subjects factor and time as a within-subject factor. Where a significant interaction between the factors was detected, the data were recoded (27) and one-way ANOVAs (without repeated measures) were performed, followed by planned comparisons with ␣-level corrections as needed. When no significant interactions were detected, Bonferroni post hoc tests were used to detect significant differences within the main effects. HSP levels and protein oxidation in brain and liver from series 1 were analyzed using a two-tailed unpaired Student's t-test. For CT max experiments (series 2), feeding behavior and loss of equilibrium temperatures were analyzed by unpaired Student's t-tests. HSP70, HSC70, and HSP90 levels and protein carbonyls were analyzed by two-way ANOVA, and Bonferroni's test was used where post hoc analysis was warranted.
RESULTS
Series 1: Heat Shock
Throughout the experiment, hematocrit was significantly higher in LR fish than in HR fish (P ϭ 0.011; Table 1 ). In both HR and LR fish, hematocrit increased significantly (P ϭ 0.004) at the beginning of heat shock and remained elevated until the end of heat shock (1 h) before returning to control levels 8 and 24 h into recovery.
As was the case with a confinement stress (40) , HR fish exhibited a significantly stronger cortisol response to heat shock than LR fish (Fig. 1) . Cortisol levels did not differ between HR and LR fish prior to heat shock (P ϭ 0.107); however, heat shock resulted in significantly higher cortisol levels in HR fish than LR fish at the beginning of the heat shock (heat shock time point; P Ͻ 0.001) and into recovery (P Ͻ 0.001, 8 h). By 24 h of recovery, cortisol levels in HR fish had returned to pre-heat shock levels (P ϭ 0.287). Interestingly, and in contrast to HR fish, LR fish did not elevate plasma cortisol in response to heat shock (Fig. 1) .
Heat shock resulted in a significant increase in total plasma catecholamines (adrenaline and noradrenaline), but only in HR fish ( Fig. 2 ; P Ͻ 0.001 at HS and 1 h and P ϭ 0.001 at 8 h compared with control levels). As was the case with plasma cortisol, total plasma catecholamine concentrations did not increase with heat shock in LR fish. Overall, in HR and LR fish Fig. 1 . Plasma cortisol levels of high-responding (HR; ; n ϭ 6) and low-responding (LR; o; n ϭ 9) rainbow trout (Oncorhynchus mykiss) in series 1. Blood samples were collected prior to heat shock (HS; control), when the water temperature first reached 25°C (HS) after the water had been at 25°C for 1 h and then 8 and 24 h (after the start of HS) into the recovery period at 13°C. Values are means Ϯ SE. *Significant difference between HR and LR fish at a particular time point. Upper case letters indicate differences over time in HR fish, and lower case letters indicate significant differences over time in LR fish [2-way repeated-measures ANOVA followed by 1-way ANOVA on the recoded data because of a significant interaction (P ϭ 0.003) and planned comparisons; ␣critical ϭ 0.002; in LR fish, P ϭ 0.000 and P ϭ 0.001 between control and HS and 1 h, respectively]. Values are means Ϯ1 SE (in %); number of fish per group is in parentheses. HR, high responding; LR, low responding. *Significant difference between HR and LR fish overall (P ϭ 0.011). Different lower case letters indicate significant differences over time in HR and LR considered together. Two-way repeated-measures ANOVA followed by Bonferroni post hoc testing, P Ͼ 0.05 for the interaction term. Fig. 2 . Total plasma catecholamine (adrenaline and noradrenaline) levels of HR (; n ϭ 6) and LR (o; n ϭ 9) rainbow trout (Oncorhynchus mykiss) in series 1. Blood samples were collected prior to HS (control), when the water temperature first reached 25°C (HS), after the water had been at 25°C for 1 h, and 8 and 24 h into the recovery period at 13°C. Values are means Ϯ SE. Upper case letters indicate differences over time in HR fish, and lower case letters indicate significant differences over time in LR fish [2-way repeatedmeasures ANOVA followed by 1-way ANOVA on the recoded data because of a significant interaction (P ϭ 0.006) and planned comparisons; ␣critical ϭ 0.002].
considered together, adrenaline levels increased significantly immediately after heat shock (1 h; P ϭ 0.027; Table 2 ); adrenaline levels were not different between HR and LR fish (P ϭ 0.061). Plasma noradrenaline concentrations were significantly elevated with heat shock but only in HR fish, where levels were higher immediately following heat shock and after 8 h compared with control (P Ͻ 0.001 at HS and P ϭ 0.001 at 8 h; Table 2 ).
Prior to heat shock, RBC HSP70 (inducible) levels were not different between HR and LR fish (Fig. 3A) . HSP70 induction was evident in HR fish 8 h after the beginning of heat shock (P Ͻ 0.001) and remained elevated after 24 h; however, a significant HSP70 induction in LR fish was only apparent after 24 h (P ϭ 0.001 between control and 24 h; Fig. 3A) . Furthermore, the HSP induction was eightfold greater in HR fish compared with LR fish 8 h after heat shock. RBC relative HSC70 (constitutive) and HSP90 levels did not change over the course of the experiment, nor were any differences observed between HR and LR fish (data not shown). We did not observe differences in brain or liver HSP70, HSC70, or HSP90 levels between HR and LR fish (data not shown).
We measured protein oxidation as an indirect indication of protein damage and/or malfunction in RBCs, brain, and liver. Prior to heat shock, protein carbonyls in LR fish were higher than in HR fish, although because of our corrected ␣-level in this analysis (0.002), these differences were not statistically significant. Interestingly, LR fish, which exhibited the lower RBC heat shock response, also had significantly higher RBC levels of oxidized proteins than HR fish (Fig. 3B) 8 h following heat shock (P ϭ 0.001). Similarly, higher levels of protein oxidation were detected in the livers of LR fish compared with their HR counterparts ( Fig. 4 ; P ϭ 0.025). We did not observe any differences in oxidized protein in brain tissue between HR and LR fish (data not shown).
Series 2: CT max
HR fish resumed feeding more quickly than LR fish after being transferred into CT max trial chambers ( Fig. 5 ; P Ͻ 0.001), suggesting that HR fish were quicker to acclimate to their new environment. HR and LR fish did not, however, exhibit any differences in foraging strategy or the number of pellets consumed. Furthermore, CT max trials revealed no differences (P ϭ 0.77) in thermal tolerance between HR and LR fish exposed to an acute temperature increase of 0.33°C/min until loss of equilibrium. HR fish lost equilibrium at 28.8 Ϯ 0.1°C and LR fish lost equilibrium at a temperature of 28.7 Ϯ 0.1°C.
We sampled blood, liver, and brain tissues 24 h following the CT max trial, and as expected, exposure to the heat shock of the CT max trial resulted in significant increases in HSP70 levels in RBCs, liver, and brain in both HR and LR fish compared with HR and LR fish that were maintained at 13°C throughout Values are means Ϯ1 SE (in nmol/l); number of fish per group is in parentheses. Adrenaline: 2-way repeated-measure ANOVA followed by Bonferonni post hoc tests. Groups that do not share a lower case letter (HR and LR considered together) are significantly different from one another. P Ͼ 0.05 for the interaction term. Noradrenaline: 2-way repeated-measures ANOVA followed by 1-way ANOVA and planned comparisons with ␣-level corrections (␣critical ϭ 0.002) because of a significant interaction between fish line and time (P ϭ 0.006). HR groups that do not share an uppercase letter are significantly different from one another. No differences were found in LR groups over time. Fig. 3 . Relative levels of HSP70 (heat shock protein 70; inducible; A) and protein carbonylation (B) in red blood cells (RBCs) of HR (; n ϭ 6) and LR (o; n ϭ 9) rainbow trout (Oncorhynchus mykiss) in series 1. Blood samples were collected prior to HS (control), when the water temperature first reached 25°C (heat shock), after the water had been at 25°C for 1 h, and 8 and 24 h into the recovery period at 13°C. Values are means Ϯ SE. *Significant difference between HR and LR fish at a particular time point. Upper case letters indicate differences over time in HR fish, and lower case letters indicate significant differences over time in LR fish [2-way repeated-measures ANOVA followed by 1-way ANOVA on the recoded data because of significant interactions (P Ͻ 0.001 for HSP70 and P ϭ 0.011 for protein carbonylation) and planned comparisons; ␣critical ϭ 0.002].
the experiment (Fig. 6 and Table 3 ). HR fish exhibited significantly higher RBC HSP70 levels than LR fish 24 h after the CT max trial ( Fig. 6 ; P ϭ 0.03), despite the absence of a difference in thermal tolerance. Relative to fish maintained at 13°C, brain HSC70 levels were significantly higher in both HR and LR fish exposed to a heat shock (Table 3 ). In contrast, RBC HSP90 levels were lower in HR and LR fish following heat shock (Table 3) . We did not observe any significant differences in protein carbonyl levels in RBCs, liver, or brain of LR or HR fish 24 h following the CT max trial (data not shown).
DISCUSSION
Our data indicate that two lines of rainbow trout bred for their divergent cortisol response to confinement stress also show divergent physiological and cellular responses to heat stress. However, aspects of the response to heat stress are distinct from the response to confinement and handling stress. HR fish displayed more pronounced cortisol, catecholamine, and RBC heat shock responses coupled with lower levels of protein oxidation than LR fish. Despite these differences in stress hormones and proteins, thermal tolerance did not differ between HR and LR fish.
As expected, HR fish exhibited a more pronounced increase in circulating cortisol levels during and following an acute heat shock than LR fish. Furthermore, the elevation of cortisol concentration that was observed in HR fish during heat shock (control ϭ 178 Ϯ 31 ng/ml) was similar to the cortisol response to confinement stress [ϳ80 -350 ng/ml (40, 41, 50, 52)]. In contrast, LR fish did not increase plasma cortisol levels in response to heat stress. From earlier research, we know that LR fish are capable of mounting a cortisol response to stress [e.g., confinement stress, ϳ40 -100 ng/ml (40, 50, 52) ], but they did not do so during acute heat shock. It has been suggested that HR and LR fish may not differ in the scope of cortisol induction during stress, but rather in the dynamic of the cortisol response (50, 52) . While this may be the case for confinement stress, it does not appear to be so for heat shock where LR fish failed to exhibit appreciable increases in plasma cortisol levels over the course of our experiment.
High hypothalamic-pituitary-interrenal (HPI) axis reactivity to stress is often accompanied by low sympathetic activation and vice versa (12, 19) . Schjolden et al. (50) determined that this inverse stress hormone pattern applied to HR and LR fish in that LR fish produced lower levels of plasma cortisol after confinement stress and higher levels of plasma adrenaline after handling stress than HR fish. Rainbow trout exposed to hypoxia show a similar reciprocal HPI/sympathetic response where fish that actively avoid hypoxia have high plasma catecholamines and low cortisol, whereas fish that respond passively to hypoxia have high plasma cortisol and low catecholamines (55) . An inverse relationship between the HPI axis and the sympathetic nervous system has also been demonstrated in birds and mammals with distinct stress-coping styles (19) (i.e., proactive and reactive; see also below). By contrast, our study on acute heat shock revealed corresponding patterns of HPI and sympathetic axis activation: HR fish Fish were maintained at 13°C (n ϭ 6 in each case) or exposed to a heat shock during critical thermal maximum (CTmax) trials (HR fish; n ϭ 6 and LR fish; n ϭ 6). In CTmax trials, water temperature was increased at a rate of 0.33°C/min until the fish lost equilibrium. Water temperature was then returned to 13°C, and samples were collected 24 h later. Values are means Ϯ SE. Groups that do not share a letter are significantly different from one another [2-way ANOVA followed by a 1-way ANOVA with Bonferroni post hoc testing on recoded data because of a significant interaction between trout line (HR or LR) and treatment (HS or 13°C). P Ͻ 0.001 for HRϩ13 and LR ϩ 13 vs. HR ϩ HS; P ϭ 0.009 for HR ϩ 13 and LR ϩ 13 vs. LR ϩ HS and P ϭ 0.03 between HR ϩ HS and LR ϩ HS]. produced higher levels of cortisol and catecholamines following heat shock compared with LR trout that did not elevate stress hormones. This unexpected hormonal response in these selected fish prevents us from differentiating the specific roles of cortisol and catecholamines in the heat shock response, but does highlight a potentially interesting and complex question regarding catecholamine mobilization during heat stress in fish with different stress-coping styles.
Hematocrit increased with heat shock in both HR and LR fish and subsequently returned to control levels, which were typical of values observed in cannulated rainbow trout (28, 51, 56 ). An increase in hematocrit, caused in part by catecholamines, enhances oxygen transport during stress (16, 44) and is achieved by sympathetic release of RBCs from the spleen (15, 56) , cell swelling (43) , and/or an increase in RBC cell division (28) . In our study, hematocrit increased by the same magnitude (6 -7%) in both HR and LR fish. This finding contrasts with that of Trenzado et al. (53) , who reported a larger increase in hematocrit in HR fish compared with LR fish in response to a sustained 4-wk crowding stress. Moreover, Trenzado et al. (53) found no difference in hematocrit between HR and LR fish in uncrowded conditions, whereas the hematocrit of HR fish in our study was significantly lower than that of LR fish at all sampling times. It is possible that this difference in hematocrit reflected differences in the responses of HR and LR fish to the stress associated with cannulation. The higher hematocrit in LR fish suggests that these fish may have a stronger response to the cannulation surgery than HR fish or that they were slower to recover from it.
Heat shock resulted in a faster induction of HSP70 in the RBCs of HR fish than LR fish. However, because both catecholamine and cortisol levels were unexpectedly higher in HR fish than LR fish after heat shock, we cannot tease apart the specific modulation of HSPs by stress hormones. Catecholamines have been shown to enhance the heat shock response in fish (9) and may also accelerate HSP induction because HR fish (high catecholamine response to heat stress) had induced HSP70 at 8 h, while LR fish (no catecholamine response to heat shock) only showed HSP70 elevation at 24 h. It is possible that the HSP70 response has been coselected in HR fish together with their high cortisol response to stress; alternatively, LR fish might not perceive heat shock to be a potentially damaging stressor and therefore do not react to it.
Our data indicate that the stress response to acute heat shock, a response that includes increases in both stress hormones and proteins, is more pronounced in HR trout than in LR fish. We suggest that this robust stress response is adaptive, protecting the HR animal from the damaging effects of an acute heat shock, mobilizing energy reserves, and assisting with stress resistance. We measured protein oxidation as a suggestion of protein damage and found that HR fish did not experience the same degree of protein oxidative damage as LR fish following heat shock. Because the HR fish induced HSP70 earlier (8 h) after heat shock than the LR fish (24 h), the HR fish may have been able to cope with potential heat-induced protein damage sooner than the LR fish. While not statistically significant, it is noteworthy that protein carbonylation is higher in the LR fish under control conditions, suggesting that these fish may be more prone to oxidative stress. The observation of differential protein oxidative stress between the two fish lines after heat shock, coupled with the differences in HSP induction, supports the idea that the muted cellular stress response to heat in LR fish increases susceptibility to oxidative damage. LR fish may delay the energetically costly induction of HSPs at the risk of experiencing later protein impairment. Regardless, this potential trade-off does not appear to affect the critical thermal tolerance of LR fish.
Recently, we reported that social status affects thermal tolerance in rainbow trout (26) . Dominant trout, like HR fish, respond to stressors with a robust elevation of plasma cortisol concentrations. These fish exhibited a significantly higher CT max temperature than subordinate trout, which display an attenuated cortisol response to stressors (26, 34) . On the basis of these similarities, we predicted that HR and LR trout, like dominant and subordinate trout, would differ in thermal tolerance. However, we detected no differences in CT max despite the divergent stress hormone and protein responses to acute heat shock in these two trout lines. As in LeBlanc et al. (26) , these results weaken any putative link between HSPs and thermal tolerance. It is interesting to note, however, that the HSP response to the CT max stress matched that of the first heat shock experiment (series 1), where RBC HSP70 was significantly greater in HR compared with LR fish. In series 1, this greater heat shock response was correlated with reduced oxidative damage, whereas in the CT max trials (series 2) there were no differences in protein oxidation between the two fish lines, despite a more robust heat shock response in the HR fish. It is possible that the short duration of the CT max trials (48 min vs. 1.5 h of increasing temperatures followed by 1 h of heat shock in series 1) was not severe enough to cause oxidative Values are means Ϯ SE; n ϭ 6. RBC, red blood cell; HSC70, heat sock cognate 70. Bold values indicate a significant difference between fish that were maintained at 13°C and fish that were subjected to CTmax trials. P values listed are for the effect of treatment (HS or 13°C) on HR and LR fish considered together, as there were no significant differences between HR and LR fish (2-way ANOVAs). P Ͼ 0.05 for the interaction term.
damage. In support of this possibility, LeBlanc et al. (26) reported that both the duration and magnitude of the heat shock significantly affected the scale of the heat shock response in rainbow trout. It is important to note that the fish used in the CT max trials were juveniles and much smaller (55 g) than the adult trout used in series 1 (ϳ2 kg). As with other organisms, the heat shock response diminishes with age in rainbow trout (14) , thus, although we observe induction of HSPs with both age/size classes of fish, we cannot compare the magnitude of the heat shock response in these two experimental series.
Studies in mammals suggest that proactive and reactive stresscoping styles can be identified among individuals (19) . Proactive individuals respond to stress with behaviors aimed at counteracting the stressor, such as aggression to obtain social dominance. Proactive individuals also tend to form and follow routines (5, 33) . Reactive individuals, on the other hand, generally display more flexible behavior patterns and respond to stress with decreases in locomotor activity and freezing behavior. These differences between proactive and reactive individuals are not limited to behavior. Higher levels of sympathetic activation (i.e., release of catecholamines) are also thought to be characteristic of the proactive coping style, whereas reactive individuals tend to have higher levels of HPA axis activity (i.e., release of glucocorticoids) when exposed to stress (19) .
Increasingly, evidence suggests that fish also possess these distinct stress-coping styles (7, 22, 36, 38, 49) . It has been suggested that LR fish act as proactive individuals, whereas HR fish respond to stress in a more reactive manner (30, 38, 50) . Schjolden et al. (50) reported that HR fish had a higher cortisol response to confinement stress than LR fish, which is consistent with a reactive coping style. By contrast, LR fish exhibited a higher catecholamine response to handling stress, consistent with the proactive coping style (50) . LR fish have a tendency to become dominant when paired with HR fish (41) , which also is a proactive characteristic. Furthermore, Øverli et al. (35) observed that LR fish resumed feeding earlier than HR fish after transfer to a new environment, which was interpreted as a proactive trait.
In a recent review, Coppens et al. (8) suggested that differences between proactive and reactive stress-coping styles can be generalized to the manner in which individuals experience and react to changes. Low reactivity to changes in proactive individuals is reflected in rather rigid, routine-like behavioral tendencies, whereas high reactivity to change is reflected in more flexible behavior in reactive individuals. In the HR/LR trout model (47) , as well as in rats (8), such differences have been demonstrated using feeding behavior. In both rats and fish, proactive individuals were guided by ingrained predictions based on previously learned behavior, and so continued to feed at learned locations even when the environment was altered, whereas reactive individuals altered their food-seeking behavior in response to environmental changes. Different responses to other environmental changes have also been documented in rats, such as faster adoption of a new light-dark cycle in reactive than proactive individuals, a response that again emphasizes the greater sensitivity of reactive individuals to their environment (4) . Similarly, HR (reactive) trout reacted earlier to hypoxic conditions (18, 25) . The more pronounced physiological response of HR fish to temperature increases in our study is consistent with this generally higher responsiveness to environmental change in reactive individuals. However, the more pronounced rise in catecholamine concentrations in response to heat shock and the faster resumption of feeding in the HR strain do not entirely correspond to what have been reported as characteristics of the reactive stress-coping style (19, 35) .
Earlier work on F3 and F4 generations in the HR-LR trout model has demonstrated that differences in feeding behavior between these strains can be affected by previous experience (46) , and it is possible that such effects could underlie the faster feeding resumption in the HR strain in our study. With respect to adrenergic stimulation, it has recently been suggested by Koolhaas et al. (20) that changes in catecholamines are consequences of behavioral differentiation rather than causal trait characteristics. When LR trout experience a handling stress, they respond in a proactive manner, with high plasma adrenaline compared with their HR counterparts (50) . Although it is tempting to equate LR and HR fish with the proactive and reactive coping styles, it is important to keep in mind that the LR and HR strains were selected for only one trait, plasma cortisol, to a single stress (confinement), and thus, deviations from the strict reactive/proactive phenotypes may not be surprising. Despite the specificity in selection, these strains express contrasting physiological and behavioral traits that cluster in two distinct response patterns when challenged by a stressor. Based on earlier work with confinement stress, we did not expect to observe a higher adrenergic response in the HR strain in response to an acute heat shock; however, it is noteworthy that the trigger for catecholamine mobilization following heat shock in fish is unclear. We speculate that heat stress activates a distinct temperature-sensitive adrenergic pathway serving to meet the particular metabolic and cardiovascular requirements of the two phenotypes, as also suggested by Koolhaas et al. (20) .
Perspectives and Significance
A more pronounced response to high temperature in HR fish is consistent with reactive individuals being more responsive to environmental change. However, HR and LR fish responded differently to an acute heat shock in terms of catecholamine mobilization than what was expected from previous studies on these fish lines. The parallel cortisol and catecholamine responses to heat shock that we observed in HR fish suggest that patterns of stress hormone responses may be context-dependent consequences of behavioral differentiation and that some characteristics of the HR-LR model and the reactive and proactive stress-coping style do not correspond. That said, a less pronounced heat shock response may have been coselected in LR fish together with low cortisol responses. Although the unexpected, parallel hormonal responses to acute shock in these fish lines prevented us from teasing apart the specific stress hormone modulation of the heat shock response, our results suggest that catecholamines, in addition to enhancing the heat shock response, may accelerate its induction. The inconsistent adrenergic response in the HR and LR compared with reactive and proactive fish, may be a function of catecholamines being a reaction to heat stress in these fish, rather than a causal trait characteristic [see also Koolhaas et al. (20) ]. HR and LR fish do show two distinct stress-coping styles, and we propose that the heat shock response should also be included in the spectrum of responses that comprises stresscoping style in animals.
